Two-dimensional topological insulators and two-dimensional materials with ferroelastic characteristics are intriguing materials and many examples have been reported both experimentally and theoretically. Here, we present the combination of both features -a two-dimensional ferroelastic topological insulator that simultaneously possesses ferroelastic and quantum spin Hall characteristics. Using first-principles calculations, we demonstrate Janus single-layer MSSe (M=Mo, W) stable two-dimensional crystals that show the long-sought ferroelastic topological insulator properties. The material features low switching barriers and strong ferroelastic signals, beneficial for applications in nonvolatile memory devices. Moreover, their topological phases harbor sizeable nontrivial band gaps, which supports the quantum spin Hall effect. The unique coexistence of excellent ferroelastic and quantum spin Hall phases in single-layer MSSe provides extraordinary platforms for realizing multi-purpose and controllable devices.
I. Introduction
Two-dimensional (2D) crystals can harbor a variety of fundamentally new physical properties that offer distinct features that may become essential for next-generation nanoscale devices [1, 2] .
Among these extraordinary properties, special emphasis has been given to 2D ferroelasticity [3, 4] and quantum spin Hall (QSH) phase [5, 6] . The defining signature of a 2D ferroelastic material is the existence of two or more equally stable geometries which can be interchanged by switching without diffusion of atoms by the application of external stress [6] [7] [8] . 2D ferroelasticity holds potential for applications in nonvolatile memory devices and acquires a growing importance. But so far only a few 2D ferroelastic materials have been reported, such as phosphorene, phosphorene analogues, t-YN, and Borophane [9] [10] [11] [12] . QSH insulators are a novel quantum state of matter characterized by the gapless edge states inside the bulk gap caused by spin-orbit coupling [13, 14] . As protected by time-reversal symmetry, charge carriers in such edge states are robust against backscattering, offering a fascinating way to energy-efficient electronic devices and spintronics [15] . The currently observed QSH effect is limited at very low temperature [16, 17] , and hence there is a great interest in searching for room temperature QSH insulators [18] [19] [20] [21] [22] . As spin-orbit coupling determines the size of the nontrivial band gap, the materials involved with heavy elements receive particular attention.
Compared with 2D materials possessing ferroelastic or QSH characteristics solely, undoubtedly, 2D ferroelastic topological insulators (FELTIs) that entail both features simultaneously are of particular interest as they will open up unprecedented opportunities for intriguing physics, whose exploitation may promise multi-purpose and miniaturized device applications [23] [24] [25] . Also, such a unique combination between ferroelastic and QSH orders holds appealing potential for controlling the anisotropy of the topological edge state via elastic strain engineering. Though 2D FELTIs are highly desirable, unfortunately up to date, there has been extremely limited work on it, largely owing to the fact that both 2D ferroelasticity and QSH insulator are rare themselves [9] [10] [11] [12] 16, 17] .
To our knowledge, the only existing potential candidate for realizing such 2D FELTIs is 1T′-WTe2 as independent works demonstrated its ferroelastic [26] and nontrivial topological [27, 28] properties separately. Switching from one ferroelastic state to the other in the 1T′ structure is associated by a 3 reorientation of complete lines of Te atoms, subject to an interconversion barrier that we estimate to be 400 meV per unit cell. This, and the fact that homogeneous strain fields would not trigger the ferroelastic exchange, implies that this material is unlikely to perform as 2D FELTI. Thus the search for alternatives is vitally important for both fundamental scientific interest and practical applications.
In this work, using first-principles calculations, we computationally design a novel class of stable 2D materials, Janus single-layer (SL) MSSe (M=Mo, W). Using chemical vapor deposition (CVD), the 2H phase of SL MSSe has been prepared experimentally [29, 30] . The corresponding distorted Haeckelite (S′) polytypes, whose stability we confirm on grounds of phonon dispersion calculations and Born criteria, inhibit the properties that characterize the long-sought 2D FELTIs. 
II. Results and Discussion
The crystal structure of SL MSSe (in the remainder of this work, we will only discuss single layers) adopts a distorted Haeckelite configuration [31] [32] [33] and is shown in Figure 1 
These values are comparable to those of silicene (62 N/m) [37] and phoshorene N/m) [38] , but smaller than those of graphene (~340 N/m) [39] and indicative for the feasibility of apply stress for imposing ferroelastic transitions. Possion's ratio is used to describe negative ratio of the transverse strain to the corresponding axial strain, and most materials harbor Possion's ratios between 0 and 0.5 [40] . Intriguingly, the Possion's ratios for 1S′-WSSe (MoSSe) are computed to be 0.6 (0.8) and 1.0 (0.9) along a and b axis, respectively. Such significantly large Possion's ratios suggest sensitive structural response to external stress, which also is beneficial for ferroelasticity.
A necessary condition for a ferroelastic material is that the barrier of interconversion between the degenerate ground states is in the right order -not too small to prevent interconversion due to temperature effects, and not too high to allow for switching by application of stress. The two ferroelastic ground states F and F′ are shown in Figure 2(c) . If the initial state is chosen to be F, the lattice constant a is shorter than b. Upon applying an external stress along a axis, the shorter lattice switches to b axis, that is, 1S′-MSSe transforms into the ground state F′, which has lattice constants are |a′| = |b| and |b′| = |a|. Note that the described deformation without bond breaking imposes a lattice transformation that is equivalent to various symmetry operations, namely a 90° rotation, and two reflexions. The paraelastic state (P) would be found at the transition between the two ferroelastic states in 1S′-WSSe (MoSSe), where the lattice constants are a = b=6.49 (6.47) Å. Such paraelastic state would experience spontaneous lattice relaxations along both a and b axis, giving rise to the ferroelastic ground states F and F′.
To get a better physical picture for the ferroelastic switching in 1S′-MSSe, we calculate the transformation processes from initial state F to final state F′ employing the climbing image nudged elastic band (cNEB) method [41] . The transition state connecting F and F′ is, as expected, the high-symmetry paraelastic state S-MSSe, and no other metastable states are found in the interconversion [ Figure 2(d) ]. The calculated energy barrier is 10.2 (2.4) meV per unit cell for 1S′-WSSe (MoSSe), which is comparable with that of SL SnSe (9.2 meV per unit cell) [9] . Such low energy barriers produce the desirable possibility of fast ferroelastic switching in 1S′-MSSe upon imposing external stress, despite the fact that such switching generally subjects to the domain wall motion [25] . Another key factor that affects the ferroelastic performance is the reversible ferroelastic strain [(|b| / |a| -1) ×100%], as it controls the signal intensity. The calculated reversible ferroelastic strain for 1S′-WSSe (MoSSe) is 4.7% (0.9%). In view of the fact that typical ferroelastic materials show reversible strain ranging from 0.5% to 3% [7, 42] , 1S′-MSSe, specially 1S′-WSSe, would exhibit a distinct signal of switching. Therefore, 1S′-MSSe are intrinsic ferroelactic materials holding potential applications in memory devices. 
III. Conclusion
In summary, using first-principles calculations, we demonstrate a novel class of 2D FELTIs in SL MSSe, which are thermally, dynamically and mechanically stable. In particular, both structures display excellent ferroelasticity with low switching barriers and strong ferroelastic signals, making them appreciate for nonvolatile memory device applications. They also exhibit intriguing topological nature with sizeable nontrivial band gaps, which enables their QSH effect. Most remarkably, in addition to fundamental interests, the unique coexistence of ferroelasticity and QSH insulator in SL MSSe offers the opportunities for achieving multipurpose and controllable devices.
We wish to emphasize that SL MSSe are the first class of 2D materials ever reported displaying the ferroelasticity and QSH insulator simultaneously, despite the fact that independent works separately demonstrated the ferroelastic and topological order in 1T′-WTe2. Our work will inspire further researches to explore similar effects and novel device applications.
Methods
First-principles calculations are performed using VASP, with a plane wave basis (cutoff energy was set to 500 eV) and the projector augmented wave (PAW) [43] [44] [45] approach. For geometry optimizations, exchange and correlation interaction between electrons is treated by generalized gradient approximation as specified by Perdew, Burke and Ernzerhof (PBE) [46] .
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional [47] is employed for the band structure calculations in order to overcome the problem of band-gap underestimation in PBE functional. For more details on the computational details, see the Supporting Information. Z2 invariants are calculated by the Wannier90 code [48, 49] , in which a tight-binding Hamiltonian with the maximally-localized Wannier functions are fitted to the first-principles band structures.
Supporting Information
The results of computational method, ELF, COHP, phonon spectra, results of the MD simulation, mechanical properties, band structures and LDOS of 1S′-MoSSe, as well as band structures of 1S′-MSSe at the HSE06 level are given in the Supporting Information. This material is available free of charge via the Internet.
